2002). In some cases it may be unclear what the underlying cause of significant reductions in toxicity test endpoints is, and whether the cause is "toxicity due to specific contaminants." Scientists from the U.S. Environmental Protection Agency (USEPA), Office of Research and Development (Ankley et al. 1992 ) discussed that a bioassay resulting in a statistically significant endpoint reduction is not necessarily sufficient as the sole source of information to make a dredging management decision. Specific examples were provided, including the presence of toxic levels of ammonia or hydrogen sulfides, which are typically sourced from natural microbial processes, and may be of lower management concern relative to persistent contaminants. Therefore, knowledge of the cause of the effects observed in bioassays may be informative to management decisions, such as when the effects are due to CoCs versus ammonia, for which alternative safety factors, hereafter referred to as application factors (AFs), may be used (Kennedy et al. 2015) . Current regulations (40 CFR 227.27 ) allow for the use of scientifically defensible, alternative AFs for determining the Limiting Permissible Concentration (LPC). The LPC is considered an acceptable concentration for DM placement and discharge. As previously described, ammonia is often present in DM at levels that are toxic to test organisms in the laboratory (Sims et al. 1995; Kennedy et al. 2015; Kennedy et al. 2017) , but the effect in the field is less clear, and ammonia and sulfides are not necessarily project specific CoCs in management decisions.
For whole sediment bioassays, since ammonia is naturally occurring and non-persistent, it is not typically considered a CoC, and in common laboratory practice can be reduced to nontoxic levels in order to better characterize the potential toxicity of persistent CoCs (USEPA/USACE 1991 , 1998 . Laboratories should measure ammonia in sediment prior to setting up sediment toxicity bioassays, and purge the sediments of ammonia according to guidance through a series of water exchanges (USEPA/USACE 1991 , 1998 as necessary. For sediment toxicity tests, available TRE/TIE methods are described in detail, both generally (USEPA 2007) , and in a dredging evaluation context (Kreitinger et al. 2017 ).
For water column assessments using sediment elutriate toxicity tests, ammonia may not be of concern. However, if ammonia is released from sediments into water during elutriation at sufficient concentrations to cause toxicity in the bioassay (and it is not identified as the cause), it could be unintentionally managed like a persistent CoC. If ammonia is identified as a cause for the toxicity, it may be considered in certain projects, in regard to how much dilution is required at the DM placement site to meet compliance requirements (e.g., ammonia concentrations are compared to ammonia water quality criteria after allowing for mixing). When necessary, ammonia can be reduced via manipulation of the sediment and/or elutriates to determine if it is the probable cause of toxicity. Similarly, elutriate waters can be manipulated to reduce the toxicity of organic compounds and metals, further delimiting the possible sources of toxicity. Laboratories should measure ammonia, either in sediment pore water to provide some awareness if high ammonia concentrations in elutriate waters may be expected, or make preliminary elutriates prior to bioassays to acquire a more accurate account of ammonia concentrations to be encountered, and compare those levels to species specific ammonia thresholds (Kennedy et al. 2015) . As an additional line of evidence, laboratories may conduct reference toxicity tests for each applicable test species using ammonia (e.g., ammonium chloride). Ankley et al. (1992) described leveraging of USEPA effluent discharge TIE guidance (U.S. EPA 1991) for elutriate toxicity testing, and listed several treatments for providing lines of evidence for ammonia and sulfides toxicity, including zeolite treatment and graduated pH tests. The graduated pH testing is particularly useful, since a decrease in pH will reduce the fraction of toxic un-ionized ammonia concentrations, but increase the relative toxicity of sulfides (as well as increase metals bioavailability). However, an increase in pH will increase the toxicity of ammonia (by increasing the un-ionized ammonia fraction), but decrease the relative toxicity of sulfides and metals. Taken holistically, this multiple treatment approach can supply lines of evidence to inform management decisions based upon robust science. While the focus of Ankley et al. (1992) was primarily for freshwater testing, some of these methods can also be applied to marine testing evaluations. There may be some limitations to these methods in marine systems, such as reduced zeolite efficacy for removing ammonia (Burgess et al. 2004; Ho and Burgess 2008) and greater difficulty maintaining stable pH values during testing. However, these methods may allow for sufficient reduction of un-ionized ammonia to reduce or eliminate ammonia toxicity in the bioassays, if successfully reduced below known ammonia toxicity thresholds, to provide adequate evidence of ammonia induced toxicity.
METHODS:
It is important to apply multiple lines of scientific evidence when making DM management decisions, following current guidance, when making an overall determination if sediment placement poses a risk to the environment. A generalized approach for determining multiple lines of evidence for an ammonia TRE/TIE is provided in Figure 1 . The standard elutriate toxicity test (with no modifications) must be conducted to determine the potential baseline toxicity of the DM. It may be advantageous to measure ammonia concentrations in the elutriate water and/or sediment porewater to gain an initial understanding of whether or not ammonia may be expected to cause an impact on the test organism (Table 1) . With this information, the decision can be made on the following: (1) wait to determine if toxicity occurs in the standard elutriate test and weigh the benefits of performing a TRE/TIE to the project, or (2) conduct the standard elutriate test and TRE/TIE simultaneously to save time and reduce laboratory mobilization and logistics. If there is concern that ammonia may contribute to toxicity in a sediment elutriate, the sediment may be pre-purged of ammonia by water exchanges (USEPA 1994; USEPA/USACE 1998), or the unpurged sediment can be used to prepare elutriates which are subjected to various treatments (Table 2 ). For example, elutriates created with unmodified (unpurged) sediment are used for zeolite-treated and pH-adjusted manipulations, while the purged sediment (if applicable), may be used to create elutriates that are treated to determine the likely presence of other potential CoCs, an analysis that would be uninformative if toxic concentrations of ammonia are not first removed. These treatments, along with the rationale for their use, are presented in Table 2 . A general photograph of what elutriate manipulations may look like is provided in Figure 2 .
As previously discussed, the most common practice may be to reduce ammonia (and perhaps sulfide) levels in a TRE to determine if ammonia was the sole cause of toxicity. It may be less common to perform a full TIE for specific chemical classes beyond ammonia since there is no clarity on how this information flow may impact a regulatory or management decision. To save cost, the utility of a full TIE specific to chemical classes other than ammonia can be determined on a case specific basis by DM managers. ammonia toxicity reduction evaluation (TRE) may be of benefit to a dredging evaluation project. It is important to consider if understanding the cause of toxicity will have potential to inform or alter a decision or impact overall project cost. Multiple lines of evidence (graduated pH tests, zeolite treatments, purged elutriate) are provided below for determining if ammonia is the driver of toxicity. According to MPRSA, the standard elutriate test (without modification) must be performed regardless of the decision for conduction an ammonia TRE. Elutriate manipulations for unpurged elutriates. The following manipulations are intended for elutriates prepared from unmodified (unpurged) sediment. While a zeolite column may be used to reduce ammonia concentrations, it may also reduce concentrations of some metals (Burgess et al. 2003; Kesraoui-Ouki et al. 1994; Anderson, 2000) . This may be addressed by moderate pH reductions (reducing pH between 6.5 and 7.2), this reduces the more toxic unionized ammonia fraction and, in theory, reduces the bioavailability of most metals. Carefully conducted, moderate pH modifications are acceptable and useful for elutriate toxicity assessments. However, while drastic increases to pH values above ten, coupled with aggressive aeration to purge ammonia from the elutriate water has been previously discussed (Ankley et al. 1992 ) and applied in testing laboratories, this approach generally should not be employed due to potentially irreversible changes in metals speciation. The metals may not go back into solution following a return to circum-neutral pH. If the latter treatment is performed, the results should be interpreted with caution.
Graduated pH treatments.
To execute graduated pH treatments, place the required volume of freshly prepared elutriate water (prepared with unmodified sediment) into a glass vessel. Mix the water via slow magnetic stirring to avoid formation of a liquid vortex, this may reduce ammonia concentrations (Figure 3 ). In add pH adjustments, the minimum amount of acid/base should be used, and any increase in conductivity or salinity should be carefully monitored and documented. Slowly add small amounts of reagent grade hydrochloric acid (1.0, 0.1, and 0.01 N) to reduce the pH of the elutriate water to 6.5 and/or 7.2 (two separate treatments). Record the exact amount of acid used, and monitor the pH continuously during this process. If increasing the pH is necessary (i.e., there is question about sulfides toxicity), use 1.0, 0.1, and 0.01 N reagent grade sodium hydroxide. If increasing pH, it should be understood that metals availability may be impacted and resulting interpretation should reflect that. After reaching the desired pH, check the pH every thirty minutes until stability is maintained for a two-hour period. If test methods and sample holding times allow, the water will ideally be equilibrated overnight and adjusted the next day (if needed) before organisms are introduced to ensure stability in the desired pH value. Once elutriate water has reached equilibrium, gently pour it into test vessels and cover the vessels, minimizing headspace to reduce pH fluctuation. These test treatments cannot be aerated since aeration will increase the pH, therefore, caution should be applied when test waters have high BOD (biological oxygen demand). The same procedure should be followed using control water in order to produce the pH control. Zeolite. A zeolite column can be used to reduce ammonia concentrations, however, it may also reduce the concentrations of some metals, and it can be less effective in water of high ionic strength (i.e., marine waters) (USEPA 1991; Burgess et al. 2003 Burgess et al. , 2004 . If this is of concern, metal measurements before and after passage through the column may be informative.
Modifications to the pH of elutriate waters may also be used to reduce ammonia toxicity. For example, lowering the pH of the elutriate (typically between 6.5 and 7.2) increases the ionized fraction and decreases the more toxic un-ionized fraction of ammonia.
A column with openings at each end is used to contain the zeolite (such as SIR-600 resin (ResinTech Inc., West Berlin, NJ, or similar product)). Fit the column with a mesh screen covering the bottom opening in order to keep the substrate in place but also allow the liquid to pass through. For practical purposes the bottom opening should be approximately ¼ inch in diameter. First, rinse the zeolite with clean water (control, lab water, natural water) until the rinseate runs clear of small particles. Next, fill the column with rinsed zeolite, and then mount it so that the water being treated can pass through the column and into a container or beaker (Figure 4) . A ring stand with an attached separatory funnel and claw may be used to hold the elutriate funnel and zeolite column. Slowly drip elutriate water (made with unmodified (unpurged) sediment) through the column (e.g., five drops per second), and retain the treated water. Use separate zeolite columns for each individual treatment, including a zeolite control, which will consist of the same water used for the standard control. Purging sediment, prior to elutriate preparation. Sediments to be used in whole sediment and sediment elutriate bioassays can be purged via the facilitated exchange of sediment porewater containing high levels of ammonia with an overlying water source that is free of ammonia. This is conducted prior to testing to bring ammonia concentrations down to non-toxic levels, however, it may be difficult to fully purge microbially active sediments below particularly low test species thresholds for ammonia (Table 1) . Purging is routinely performed prior to organism addition in marine sediment toxicity tests by methods leveraged from standard guidance (USEPA 1994; USEPA/USACE 1998). To begin the purging process, a layer (2-3 cm) of sediment is added to an appropriate container, and the container is marked with a reference line at the sediment level. At least 2-3 cm sediment depth is recommended to prevent excessive metal oxidation and/or loss. However, this layer should not be too thick, or ammonia purging will be slowed dramatically (possibly beyond holding times). The sediment is then slowly covered with the overlying water specific to the applicable bioassay test method, as often performed for whole sediment toxicity bioassays (USEPA 1994; USEPA/USACE 1998). Several extra replicate containers should be set up to allow intermediate measurements to monitor ammonia reductions in pore water, since sampling is destructive. These measurements may be performed by removing the overlying water and sampling sediment (e.g., 50 mL) into a centrifuge tube, and centrifuging the sample to extract the porewater for ammonia-N measurements. During purging, the overlying water should be gently aerated to facilitate ammonia exchange between phases, and up to six water exchanges (70%) should be performed daily until the porewater ammonia measurement is below the test method specific target level (Kennedy et al 2015, Table 1 ). When replacing overlying water, a turbulence reducer should be used to prevent re-suspension of the sediment at the water interface. After purging is complete, overlying water is removed to the reference line marked on the container. Since purging can reduce concentrations of some CoCs, analytical chemistry samples should be collected for both the purged and unpurged sediment and analyzed for CoCs (most notably soluble metals and volatile compounds).
The purged sediment manipulate can be tested as a standalone treatment, in which the purged sediment is used to make a standard elutriate. The modified sediment is directly tested in bioassays to determine if toxicity is removed or reduced.
Purging sediment, manipulations. The following manipulations, if deemed necessary, are intended for sediment that was purged of ammonia prior to elutriate preparation. Alternatively, if ammonia is low and metals or organics are suspected to be potential causes of toxicity, these manipulations may be applied to an unpurged sediment elutriate. In either case, Ethylenediaminetetraacetic acid (EDTA) and C18 treatments can reduce the bioavailability and toxicity of cationic metals and organics, respectively, and their applications and limitations are further described below.
Ethylenediaminetetraacetic acid (EDTA).
In the case that metals may be contributing to toxicity, EDTA can be added to elutriate waters to reduce cationic metal toxicity. EDTA acts as a chelating ligand to bind cationic metals in solution, forming complexes that are less toxic than the free metals. Adding EDTA to elutriate waters will have varying efficacy based on factors such as the types and amounts of metals and other ligands present, EDTA's binding affinity for dissolved metals, dissolved metals' binding affinity for test organism tissue, and pH (USEPA 1991). If toxic levels of ammonia are present, the sediment may be purged prior to elutriate preparation.
First, prepare an EDTA stock by dissolving EDTA in ultra-pure water (example stock concentration is 1.75 g EDTA in 100 mL ultra-pure water). Store the stock in an opaque plastic container until it is ready for use. Three concentrations (35 mg/L, 70 mg/L, and 140 mg/L EDTA) are then produced for each individual elutriate water (made with purged sediment) and the control by spiking the water with the previously prepared EDTA stock. After spiking, mix the water and allow two hours for equilibration before pouring into test vessels and adding organisms.
C18 treatment.
If organic compounds are a concern, they can be removed from elutriate waters by using a peristaltic pump to pass the elutriate waters through silica-based C18 cartridges, The column will adsorb the potentially toxic organic compounds. Depending on the resin material used and the presence of metals, organic matter, other ligands, etc., metals could also be adsorbed by the C18, so users should be aware that it is possible for metals to be reduced through the C18 column. If this is of concern, metal measurements before and after passage through the column may be informative. In bioassays utilizing any of these toxicity ameliorating methods, each modification will be replicated using control water in order to ensure that the manipulations themselves are not sources of significant reductions in survival to test organisms.
Start the treatment by attaching a C18 pack (commercially available from a number of scientific supply vendors) to peristaltic pump tubing ( Figure 5 ). Multiple packs may be connected in tandem if there is concern of contaminant breakthrough. Pass 25 mL of HPLC grade methanol through the column (to activate the carbon) at a rate not to exceed 10 mL per minute. Follow the methanol immediately with 50 mL of ultra-pure water. Without allowing the column to dry, slowly pass elutriate water (made with purged sediment) through the column, discarding the initial 25 to 30 mL of the sample to pass through the C18 pack. Collect the remainder for use in the bioassay. Replace the C18 pack when the volume that has been passed through exceeds 650 mL. Retain the filtrate, aerate it for 15 minutes, and pour into test vessels before adding test organisms. Whole sediment TRE/TIE methods. The need to install sediment TRE/TIE into dredging evaluations to support management decisions using a phased approach was recently discussed by Kreitinger et al. (2017) . While those authors provided a preliminary strategy and summarized different treatments, this document further supports that effort by supplying more specific methodology. As stated above for elutriate toxicity testing, the following should be determined:
(1) if an ammonia TRE, or (2) if a general contaminant TIE would have benefit in identifying the toxic fraction of project sediments.
If pore water ammonia levels are above species specific thresholds (Table 3) , it is generally logical to purge sediment in bioassay test chambers of ammonia according to guidance (USEPA 1994; USEPA/USACE 1991 , 1998 . This is acceptable since ammonia is not generally considered a contaminant of concern in sediment toxicity testing (Ankley et al. 1992 ; USEPA 1994; USEPA/USACE 1998) due to its ephemeral nature. This process involves up to twice daily water exchanges (approximately 70%) and heavy aeration in the test chambers prior to test initiation until porewater ammonia concentrations are at a species specific threshold (e.g., estuarine/marine amphipods) or ≤20 mg/L for freshwater whole sediment test organisms (USEPA/USACE 1998). Porewater ammonia is also measured at test termination to ensure ammonia concentrations remained low during sediment exposure. Since in most cases, ammonia is addressed at test initiation, it is typically eliminated as a potential cause of toxicity. Therefore, a zeolite treatment would not be needed during a subsequent TRE/TIE. In some cases when toxicity is observed in sediment toxicity tests, there may be benefit to a dredging project to generate lines of evidence to ascertain the likely contaminant or contaminant class. One clear benefit would be to apply TIE methods when sediment particle size or low organic carbon are suspected to be the cause of organism mortality in sediment toxicity tests. If no sediment manipulation reduced the adverse effect on the test animals, a line of evidence would be provided that the effect is likely not caused by the typical chemical classes (metals, organics, and ammonia). Integration of this result with analytical chemistry would provide multiple lines of evidence for such a conclusion. However, it should be determined whether TIE information may have any impact on a regulatory or management decision provided that toxicity is identified, and the material may be deemed unsuitable for open water placement regardless. TIE information may be useful for planning future projects, delineating future dredging management units, understanding impacts and sources, and engaging stakeholders.
The USEPA has developed testing procedures to help identify causality in sediment toxicity tests (USEPA 2007) . The procedures rely upon standard toxicity testing methods that include physical/chemical manipulations of the sample that are designed to elucidate the cause(s) of toxicity. The procedures have been categorized into three similar, but functionally different testing phases. The three phases are as follows: (1) characterize the nature of the toxicity into several classes (e.g., metals, organic compounds, and ammonia), (2) identify the specific toxicants responsible for the observed adverse effects, and (3) confirm the identity of the chemical(s) causing toxicity. The complexity and expense of the procedures increases with each phase. The phases and treatments for sediment TIEs is discussed specifically in the context of DM evaluations by Kreitinger et al (2017) .
Phase I TIE evaluation. Due to the complexity and cost associated with a phase II and III evaluation, most dredging TRE/TIE efforts will likely be focused on a phase I evaluation. General guidance for sediment TREs/TIEs is available (U.S. EPA 2007). Sediment contaminants would be identified to one of the three following contaminant classes: (1) organic, (2) metal, or (3) ammonia. To conduct a phase I TRE/TIE, a standard toxicity test, such as a ten-day acute toxicity test, would be conducted using amended sediments. Contaminant bioavailability is manipulated by adding amendments to the sediment that specifically bind contaminants from each of the three contaminant classes (i.e., organics, metals, and ammonia) and render the contaminants unavailable to interact with the organism therefore reducing toxicity. In most cases, bulk sediment chemistry can help guide selection of appropriate amendments.
The sediment amendments include activated carbon (organics), SIR-300 cation exchange resin (metals), and SIR-600 zeolite resin (ammonia). An optional treatment is the inclusion of a blend of activated carbon and SIR-300 (organics and metals). The use of a mix helps identify the cause of toxicity where both organics and metals are driving toxicity concurrently. In most cases, powdered or granular activated carbon is used for targeting organics (USEPA 2007). Care should be taken to ensure the test organism can tolerate the particle size of the powdered activated carbon before use. The amendments are added individually to the contaminated sediment. A baseline sediment (unamended) is included, this is used for statistical comparison of amended sediments to determine the level of reduced toxicity. A sand control is also included. The sand control is the contaminated sediment with clean sand added at the highest amendment rate utilized in the activated carbon, SIR-300 and SIR-600 amended sediments. The sand control is used to determine if a dilution effect on toxicity from amendment addition has occurred. Amendment controls, which are performance control sediment with amendments added at the concentration level used in the contaminated sediment, are used to determine if toxicity occurred from exposure to the amendments. Finally, a standard performance control is included for establishing test validity. Individual treatment levels in a phase I TIE of a contaminated sediment are listed in Table 4 below. Table 4 . Typical treatments in a Phase I TRE/TIE on whole sediments.
Sediment Treatment Purpose Performance Control
To evaluate test system performance Baseline Unamended sediment for comparison to amended sediment
Sand Control
To evaluate the dilution effect of amendments on toxicity
Carbon Control
To evaluate the influence of the carbon amendment on toxicity SIR-300 Control
To evaluate the influence of SIR-300 amendment on toxicity SIR-600 Control
To evaluate the influence of zeolite amendment on toxicity
Carbon amendment
To determine if organics are responsible for toxicity observed
SIR-300 amendment
To determine if metals are responsible for toxicity observed
SIR-600 amendment (zeolite)
To determine if ammonia is responsible for toxicity observed
Blended amendment (optional)
To determine if both organics and metals are responsible for toxicity observed At test termination, the level of reduced toxicity is determined by statistically comparing the amended sediments to the baseline sediment. The amendment that reduces toxicity is likely binding the contaminant causing the observed toxicity. The Phase I TIE procedure and decision making process is outlined in Kreitenger et al. (2017) .
Limitations of a Phase I sediment TRE/TIE. Identifying the source of toxicity to contaminant class is easily accomplished when a sediment is contaminated primarily with a high level of a single contaminant such as PCBs, PAHs, pesticides, or metals. In many cases, there is co-occurrence of contaminants at various levels which may result in mixture influenced toxicity. In these cases it becomes more difficult to determine which class of contaminant is the cause of toxicity, since the toxicity of one can mask the toxicity of the other. As described above, one approach for evaluating mixture toxicity is to use a blend of amendments. For example, if chemistry analysis shows high levels of PAHs and metals, then a blend of activated carbon and SIR-300 can be added as a treatment level to determine if PAHs and metals are acting together to produce toxicity.
The presence of unusual toxicants or biological factors, both man-made and naturally occurring, can influence the results of a phase I TIE. There are a number of naturally occurring environmental toxicants in aquatic environments (e.g., organic acids, algal blooms, etc.), though not typically expected, that may result in toxicity to macroinvertebrates, but would not be identified in TIE testing. Although the specific cause of toxicity may not be identified in these cases, it is possible that a phase I TIE could eliminate classes of contaminants as the cause if toxicity is not reduced in the amended sediment for that particular contaminant class.
CONCLUSION:
The sediment and elutriate modifications, ammonia purging methods, and TRE/TIE methods described herein, have been proven to be effective at supplementing Tier 3 whole sediment and sediment elutriate bioassays, providing useful lines of evidence suggesting a cause of toxicity. In many cases, ammonia, specifically the un-ionized fraction, can be the main driver of toxicity. Similarly, the phase I procedures for sediment TRE/TIE have been shown to be a good approach for identifying the cause of toxicity to contaminant class or providing supporting evidence that toxicity could be occurring due to a non-contaminant factor.
